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Abstract
We report on a method, PUSH, for triggering core-collapse supernova (CCSN) explosions of
massive stars in spherical symmetry. This method provides a framework to study many important
aspects of core collapse supernovae: the effects of the shock passage through the star, explosive
supernova nucleosynthesis and the progenitor-remnant connection. Here we give an overview of
the method, compare the results to multi-dimensional simulations and investigate the effects of the
progenitor and the equation of state on black hole formation.
1 Introduction
Core-collapse supernovae (CCSNe) occur at the end of the evolution of massive stars and the ejecta of
these violent events contribute to the chemical evolution of the universe. The explosion mechanism
of CCSNe is still not fully understood and self consistent one-dimensional simulations of CCSNe,
including general relativity and detailed neutrino transport, do not lead to explosions, with the ex-
ception of the lowest-mass CCSN progenitors [2]. Even though multi-dimensional simulations are
promising to explode and well suited to investigate the explosion mechanism they are computation-
ally too expensive to explore a large set of progenitors. The presented parametrized one-dimensional
framework (PUSH, introduced in [1]) is well suited to study explosive nucleosynthesis and remnant
properties of a broad range of CCSN progenitors and with this also get a better understanding of
phenomenon itself. Spherically symmetric simulations show a smaller heating efficiency of electron
neutrinos behind the shock due to an absence of convective motion. PUSH provides extra energy
deposition in the heating region by tapping the energy of µ- and τ- (anti)-neutrinos in otherwise
consistent spherically symmetric simulations to mimic multi-dimensional effects (e.g., convection,
SASI) that enhance neutrino heating. This enables a consistent evolution of the PNS and treatment
of the electron fraction of the ejecta. Furthermore, after the onset of explosion the method also pre-
vents a too strong decrease in ν-heating behind the shock due to a drop in electron (anti)neutrino
luminosity that occurs in 1D simulations due to drastic reduction of the mass accretion rate on the
PNS (see Figure 1). Figure 2 shows the temporal evolution of the shock, gain and PNS radius with
and without PUSH of a CCSN simulation of a 20 M⊙ star.
2 Comparison with multi-dimensional simulations
Overall PUSH shows a behaviour more consistent with multi-dimensional models than older methods
(e.g. pistons and thermal bombs [4], [5]). Figures 3 and 4 show the spherically averaged entropy
per baryon as a function of radius obtained from a 2D Flash simulation (see [6] and references
therein) and from a 1D simulation with PUSH for the same progenitor and electron (anti)neutrino
transport [7]. The comparison of the two figures shows on average a similar heating pattern. Such a
comparison can be used as a further fit requirement (besides explosion energy and nucleosynthesis
yields [1], see also proceeding of S. Sinha, this volume) for the free parameters of the PUSH method.
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Figure 1: Neutrino luminosities for sim-
ulations with (colored lines) and without
PUSH (black lines).
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Figure 2: Temporal evolution of the shock
radius, the PNS radius and the gain radius
of a 20 M⊙ progenitor (WH07 [3]).
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Figure 3: Spherically averaged entropy
per baryon as a function of radius ob-
tained from a 1D simulation with PUSH
of a 20 M⊙ progenitor.
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Figure 4: Spherically averaged entropy
per baryon as a function of radius ob-
tained from a 2D Flash simulation of a 20
M⊙ progenitor.
3 Progenitor and Equation of State Dependence of Black Hole
Formation
To disentangle aspects - other than the explosion mechanism - that have an influence on black hole
formation we investigate the effect that different choices of the equation of state and of the progenitor
profiles can have in our 1D simulations.
Figure 5 shows the temporal evolution of the central density of a 40 M⊙ solar metallicity star
for two progenitor models (WH07 [3] in red and WHW02 [8] in blue) and two equations of state
(HS(DD2) solid lines, SFHO dashed lines, [9], [10], [11]). The dependence of the black hole forma-
tion time on the equation of state (indicated by the colored areas) and the even stronger dependence
on the progenitor model for this progenitor ZAMS mass (difference between red and blue lines) is
evident. Baryonic PNS masses at collapse are given next to the corresponding central density curves.
In Figure 6 the black hole formation times for a set of different progenitor ZAMS masses are given.
The differences for black hole formation time between the progenitors can be related to different
accretion rates, which are correlated to compactness ξM = M/M⊙R(M)/1000km .
4 Conclusions and Outlook
In comparison to traditional effective methods, as pistons or thermal bombs, PUSH is better suited
to study explosive nucleosynthesis, especially of the innermost ejecta, due to the inclusion of more
neutrino physics and the preservation of charged current reactions. We have shown that the entorpy
profiles obained with PUSH are similar to the spherical averages of multi-dimensional models and
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Figure 5: Temporal evolution of the cen-
tral density of a 40 M⊙ solar metallicity
star for two progenitor models (WH07 [3]
in red and WHW02 [8] in blue) and two
equations of state (HS(DD2) solid lines,
SFHO dashed lines, [9], [10]).
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Figure 6: Black hole formation times for
a collection of different progenitor ZAMS
masses from two different progenitor sets
(WH07 [3] in red and WHW02 [8] in
blue).
demonstrated the big effect the choice of progenitor and equation of state can have on black hole
formation and thus on a study of explodability. It is planned to investigate the explodability of
different progenitor sets with different equations of state with PUSH in the future.
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